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Electrical resistivities, Hall coefficients and thermoelectric powers have been measured for 
polycrystalline samples of LaFe1-yCoyAsO1-xFx (x=0.11) with various values of y. The results show that 
there exists clear distinction of these transport behaviors between the superconducting and 
nonsuperconducting metallic regions of y divided by the boundary value yc~0.05. We have found that the 
behaviors in both regions are very similar to those of high-Tc Cu oxides in the corresponding phases. If 
they reflect, as in the case of Cu oxides, effects of strong magnetic fluctuations, the energy scale of the 
fluctuations is considered to be smaller than that of the high Cu oxides by a factor of ~1/2. Arguments on 
the electronic nature and superconducting symmetry are presented on the basis of the observed small 
rate of the Tc suppression rate by the Co doping.  
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Superconductivity found in LaFeAsO1-xFx with FeAs 
conducting layers formed of corner-sharing FeAs4 
tetrahedra 1) has renewed questions to what extent of 
materials and to what high temperature, we can find 
superconductivity, and by search works for new 
superconductors with similar structures, Tc values 
higher than 50 K have been found for systems derived 
by total substitutions of La with various other 
lanthanide elements Ln, (1111 system).2) Systems 
derived from AFe2As2 (A= alkali earth elements, 122 
system) have also been found to be superconducting.3) 
In addition, FeSe, which has layers formed of 
corner-sharing FeSe4 tetrahedra, was found to be 
superconducting.4, 5) Because they have layers FeAs or 
FeSe layers, as the stage of the superconductivity, 
strong correlation of 3d electrons in these layers seem, 
at first sight, to be important in arguing the origin of the 
rather high Tc values. The occurrence of the 
spin-density-wave (SDW)-like transition in the mother 
system LaFeAsO 6) also suggests that the magnetic 
interaction of these systems cannot be ignored in the 
arguments.  
To investigate the electronic state of FeAs layers, we 
prepared LaFe1-yCoyAsO1-xFx and carried out various 
kinds of studies by measuring transport and magnetic 
properties, NMR Knight shifts and nuclear relaxation 
rates and so on. Several results of these studies were 
reported previously,7-9) where we first pointed out that 
Co atoms doped to Fe sites do not act as the pair 
breaking centers, indicating that the superconducting 
order parameter is nodeless. We also pointed out that 
even for the order parameters with opposite signs on 
disconnected Fermi surfaces, the observed 
insensitiveness of Tc to the nonmagnetic Co impurities 
was hard to simply explain. The appearance of the 
superconducting transitions reported after ref. 7 in 
samples of LaFe1-yCoyAsO and AFe2-yCoyAs2 (A=Ba, 
Sr) with y as large as 0.1-0.210-13) supports the idea 
stated above. We have also shown that in the 
superconducting phase the singlet pairing is realized.9)  
In the present letter, we mainly report results of the 
transport studies and show that there exists clear 
distinction of the transport behaviors between the 
superconducting and nonsuperconducting metallic 
regions of y divided by the boundary value yc~0.05. 
This characteristic feature of the transport behaviors is 
very similar to that of high-Tc Cu oxides.14, 15)  
Polycrystalline samples of LaFe1-yCoyAsO1-xFx (x 
always being fixed at 0.11) were prepared from initial 
mixtures of La, La2O3, LaF3 and FeAs with the nominal 
molar ratios. Details of the preparation processes can 
be found in the previous papers.8, 9) The X-ray powder 
patterns were taken with Cukα radiation. The 
superconducting diamagnetic moments were measured 
by a Quantum Design SQUID magnetometer with the 
magnetic field H of 10 G under both conditions of the 
zero-field-cooling (ZFC) and field cooling (FC). From 
the data of the electrical resistivities ρ and diamagnetic 
moments, the Tc values were determined as described 
poreviously,8, 9) where we found that both kinds of Tc 
values agree well.  
Hall coefficients RH of the polycrystalline samples 
were measured with increasing T stepwise under the 
magnetic field H of 7 T, where the sample plates were 
rotated around an axis perpendicular to the field, and 
thermoelectric powers S were measured by the methods 
described in refs. 14 and 15.  
The top panel of Fig. 1 shows the examples of the 
X-ray powder patterns taken with Cukα radiation for 
the samples with y=0.0 and 0.3, where the calculated 
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pattern of LaFeAsO is also shown. Very weak peaks of 
impurity phases were found at the scattering angle 2θ 
of 26.69° and 27.82° and they were identified as the 
contribution from LaOF and LaAs, respectively. The 
molar fractions of these impurity phases were estimated 
to be ∼3 % for the former and ∼2.6 % for the latter. Any 
other impurity phases have not been detected. The 
linear y-dependence of the lattice parameter c shown in 
the bottom left panel of Fig. 1 guarantees that the Co 
doping into the Fe sites was successfully carried out.7-9) 
The data of the superconducting diamagnetism taken 
for samples of LaFe1-yCoyAsO1-xFx under the ZFC 
condition are shown in the bottom right panel of Fig. 1, 
where the 100y values are attached to the 
corresponding data. (Note that the Tc values do not 
correlate with y, even though we know that the Co 
doping was successfully carried out. It indicates that 
the doped Co atoms do not act as the pair breaking 
centers. See the previous papers8, 9) for details.)  
Figure 2 shows the T dependence of the electrical 
resistivities of the samples with various y values. The 
superconducting transition appears in the region of 
y<yc∼ 0.05, and samples with y≥ 0.1 exhibit 
nonsuperconducting metallic behavior. An interesting 
point is that the ρ-T curves can be categorized into two 
groups, that is, the room-temperature resistivities ρ 
observed for y≥ 0.1 have significantly smaller values, 
indicating that the electronic states of these two regions 
seems to be different.  
The above idea is supported by the data of the Hall 
coefficient RH and thermoelectric power S of these 
samples, which are shown in Figs. 3 and 4. In Fig. 3, 
we can see that the samples with y ≤ 0.05 exhibits 
rather strong T dependences of RH, while for the 
samples with y> yc, the absolute values of RH are small 
and have weak T dependence. These behaviors of RH 
are very similar to those of high-Tc Cu oxides,14) in 
which effects of active magnetism or strong magnetic 
fluctuation plays an important role in the 
superconducting region of y.16) The data shown in Fig. 
4 for the thermoelectric power S also have features 
similar to those of high-Tc Cu oxides,15) that is, for y<yc, 
the S-T curves exhibit the characteristic structure 
similar to that observed for high-Tc Cu oxides, while 
y>yc, they exhibit, roughly speaking, ordinary T-linear 
behavior. These similarities suggest that in the region y 
≤ 0.05, the present system has rather unusual electronic 
state realized by the active magnetism. It is, of course, 
consistent with the facts that an antiferromagnetic (or 
SDW) transition exists in the system of LaFeAsO and 
that for LaFe1-yCoyAsO1-xFx (x=0.11), significant effects 
of the antiferromagnetic fluctuation can be observed in 
the 75As NMR spectra and transverse relaxation curves 
of the samples with y<yc.8,9) The energy or temperature 
scale of the magnetic fluctuations observed here seems 
to be smaller than that of high Tc Cu oxides by a factor 
of ~1/2. If the magnetic fluctuations are important for 
the occurrence of the superconductivity, this factor 
gives us the possible maximum Tc value of systems 
with FeAs layers.   
We have so far presented the results of the transport 
measurements, where effects of Co-doping to Fe sites 
of LaFeAsO1-xFx (x=0.11) have been mainly focused on. 
As the result of the first stage of the study, we have 
found that Co atoms do not carry localized moments in 
LaFe1-yCoyAsO1-xFx. This result can also be extracted 
from the fact that we have not observed the significant 
Tc suppression expected for systems suffering the 
electron scattering by localized magnetic moments. 
(For superconductors with nodes and even for 
superconductors without nodes but with sign difference 
of the order parameters among disconnected Fermi 
surfaces, the potential scattering due to impurities 
is ,naively speaking, suppresses Tc significantly, too.) 
The absence of magnetic moment at Co site has turned 
out to be consistent with the result of NMR studies by 
Ning et al.17)  
Based on the absence of localized moments at Co 
sites, we may be able to adopt a rigid band picture, and 
if we forget, for a while, the effects of the potential 
scattering due to Co impurities, the doping can be 
considered just to change the carrier numbers of the 
system, as in the case of F-substitution for oxygen 
atoms. In this case, the carrier number of 
LaFe1-yCoyAsO1-xFx corresponds to that of 
LaFeAsO1-x-yFx+y. For LaFe1-yCoyAsO1-xFx, we have 
found that the superconductivity appears for (x+y)≤ 
0.16, which is consistent with the phase diagram 
reported by Kamihara et al. for LaFeAsO1-xFx. 
According to the band calculation,18, 19) on the way 
from LaFeAsO to LaCoAsO or from (x+y)=0 to 1.0, the 
electronic density of states N(εF) at the chemical 
potential µ first decreases steeply to a very small value, 
then gradually increases and passes a sharp peak. We 
think that the first decrease of N(εF) with increasing µ 
corresponds to the process of burying the hole Fermi 
surface around the Γ point with large effective mass. In 
this region, we speculate that the superconductivity 
appears. With further increase of µ or (x+y), only the 
Fermi surface around the M point may remain. In this 
state, the resistivity is small as compared with the 
superconducting region of µ or (x+y), because the 
effective mass of the electrons is small and the 
inter-Fermi-surface-scattering of the electrons do not 
exist. If we stand on this idea, the occurrence of the 
superconductivity may be considered to be related to 
this scattering.20) Anomalous T dependence of RH and S 
observed for (x+y)≤ 0.16 can also be understood by this 
idea in a naturally way, because the active magnetism 
observed in the NMR studies7-9) is considered to be due 
to the hole Fermi surface around the Γ point with large 
effective mass, and because this active magnetism 
induces the anomalous behaviors of RH and S, similarly 
to the case of high Tc Cu oxides.  
In the above arguments, we have assumed that the 
potential scattering does not suppress the 
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superconducting transition. To see if this assumption is 
appropriate or not, the symmetry of the order parameter 
becomes very important. If the symmetry is s-like, the 
Anderson theorem21) is valid and Tc is not suppressed. 
It is consistent with the appearance of the 
superconductivity in Ba(Fe1-xCox)2As2 with x as large as 
0.14.22-24)  
Many groups suggested the possibility of the 
so-called s± symmetry of the order parameter, 
considering the spin-fluctuation mechanism of the 
superconductivity.25) However, the situation may not be 
so simple. Because the Tc suppression by impurity 
scattering cannot be, naively speaking, ignored for the 
s± symmetry, the observed insensitiveness of Tc to the 
Co doping seems to contradict the symmetry. Although 
Senga and Kontani26) has argued, considering details of 
the inter band scattering, possible smallness of Tc 
suppression rate, the theory has to explain, we think, 
other kinds of experimental data, such as the T 
dependence of the NMR longitudinal relaxation rate 
1/T1 simultaneously with the suppression rate,27-29) 
which seems to remain as an issue to be solved.  
Neutron inelastic measurements seem to be able to 
present information to distinguish which one of s- or s± 
symmetry is realized in the present system. Actually, 
Christianson et al.30) have carried out such experiments 
for a powder sample of Ba1-xKxFe2As2 (x=0.4) by using 
the pulse neutron source and suggested the existence of 
the resonance peak. Such works are underway in our 
group, too, by using a triple axis neutron spectrometer 
to obtain a rigid data.  
Finally, we make a brief comment on the observation 
of small spontaneous magnetic moments for samples 
with y≥ 0.05. The values of the spontaneous moments 
were estimated to be 0.02, 0.07, 0.19 and 0.19 
µB/(Fe1-yCoy) and Curie temperatures are about 40, 105, 
360 and310 K for y= 0.05, 0.10, 0.25 and 0.40, 
respectively. As shown in the top panel of Fig. 1, the 
impurity phases detected by the X-ray measurements 
are only LaOF and LaAs. The observed Curie 
temperatures are clearly y dependent, which cannot be 
explained by considering certain impurity phases, 
which contain Fe and/or Co atoms. Moreover, the 
observed ferromagnetic behaviors exhibit characteristic 
features of weak itinerant ferromagnets, though its 
description is out of the scope of the present paper. 
Therefore, it is very difficult to attribute the 
spontaneous magnetization to the existence of impurity 
phases. Even if the observed spontaneous 
magnetization is due to the existence of impurity phase, 
the essential features of the transport behavior shown 
above do not change, because the dominant part of the 
samples is LaFe1-yCoyAsO1-xFx.  
In summary, we have presented the results of the 
transport measurements of LaFe1-yCoyAsO1-xFx, which 
shows the distinct transport behaviors of 
LaFe1-yCoyAsO1-xFx (x=0.11) between the 
superconducting and nonsuperconducting metallic y 
regions divided by y ∼ 0.05. 
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Figure captions 
Fig. 1  (top) Examples of the X-ray powder patterns of the samples 
of LaFe1-yCoyAsO1-xFx (x=0.11) for y=0.0 and 0.3 are 
shown together with the calculated pattern for y=0.0  
Weak peaks from impurity phases of LaOF and LaAs are 
observed at 2θ= 26.69° and 27.82°, respectively. The molar 
fraction of the impurity phases are estimated to be ∼3 % 
and ∼2.6 %, respectively. (bottom left) The lattice 
parameter c is shown against y for LaFe1-yCoyAsO1-xFx 
(x=0.11). (bottom right) Magnetic susceptibilities of the 
powder samples of LaFe1-yCoyAsO1-xFx (x=0.11) are shown 
against T, where the 100y value is attached to each 
corresponding sample. They were obtained under the ZFC 
condition at H=10 G. 
Fig. 2  Electrical resisitivies of the samples of LaFe1-yCoyAsO1-xFx 
(x=0.11) are shown against T. To each curve, the 100y value 
is attached. 
Fig. 3  Hall coefficient RH of the samples of LaFe1-yCoyAsO1-xFx 
(x=0.11) are shown against T for various y values. To each 
curve, the 100y value is attached. 
Fig. 4  Thermoelectric powers S of the samples of 
LaFe1-yCoyAsO1-xFx (x=0.11) are shown against T for 
various y values. To each curve, the 100y value is attached.  
8.6
8.65
8.7
8.75
0 10 20 30 40
c 
 (Å
)
100y
LaFe1-yCoyAsO0.89F0.11
-0.012
-0.008
-0.004
0
0 10 20 30 40 50
χ (
em
u/
g)
 
T (K)
0
1.25
3
0.25
1.5
0
2
1
0.75
0.5
2.5
LaFe1-yCoyAsO0.89F0.11
ZFC
H=10 G
LaFe0.7Co0.3AsO0.89F0.11
a=4.0327 (Å)
c=8.6514 (Å)
LaFeAsO0.89F0.11
a=4.0332 (Å)
c=8.7301 (Å)I
nt
en
si
ty
 (a
rb
.u
ni
ts
)
20      30       40      50        60       70      80
2θ (degree)
Fig. 1
LaFeAsO
calculated
7.5
0
1
2
3
4
0 100 200 300
ρ (
m
Ωc
m
)
T (K)
20
10
40
30
25
50
0
1.5
2
2
50
0.5
3
0.25
1.25
0.75
-0.025
-0.02
-0.015
-0.01
-0.005
0
0 50 100 150 200 250 300
R H
 (c
m
3 /C
)
T (K)
LaFe1-yCoyAsO0.89F0.11
H=7 T
3
0
1
0.25
0.5 0
0 2.5
2
0
1.5
10
40
50
-0.06
-0.04
-0.02
0
0 100 200 300
R H
 (c
m
3 /C
)
T (K)
3
0
0
2.5 2
1.5
LaFe1-yCoyAsO0.89F0.11
H=7 T
10
40 50
Fig. 3
-150
-100
-50
0
0 100 200 300
S 
(µV
/K
)
T (K)
LaFe1-yCoyAsO0.89F0.11 0
10
5
1.252
20
30
40 50
Fig. 4
